Objective: It has been reported that dehydroepiandrosterone is a pulmonary vasodilator and inhibits chronic hypoxia-induced pulmonary hypertension. Additionally, dehydroepiandrosterone has been shown to improve systemic vascular endothelial function. Thus, we hypothesized that chronic treatment with dehydroepiandrosterone would attenuate hypoxic pulmonary hypertension by enhancing pulmonary artery endothelial function. Methods and results: Rats were randomly assigned to five groups. Three groups received food containing 0, 0.3, or 1% dehydroepiandrosterone during a 3-wk-exposure to simulated high altitude (HA). The other 2 groups were kept at Denver's low altitude (LA) and received food containing 0 or 1% dehydroepiandrosterone. Dehydroepiandrosterone dose-dependently inhibited hypoxic pulmonary hypertension (mean pulmonary artery pressures after treatment with 0, 0.3, and 1% dehydroepiandrosterone = 45 ± 5, 33 ± 2 ⁎ , and 25 ± 1 ⁎ # mmHg, respectively. ⁎ P b 0.05 vs. 0% and # vs. 0.3%). Dehydroepiandrosterone (1%, 3 wks) treatment started after rats had been exposed to 3-wk hypoxia also effectively reversed established hypoxic pulmonary hypertension. Pulmonary artery rings isolated from both LA and HA rats treated with 1% dehydroepiandrosterone showed enhanced relaxations to acetylcholine and sodium nitroprusside, but not to 8-bromo-cGMP. In the pulmonary artery tissue from dehydroepiandrosterone-treated LA and HA rats, soluble guanylate cyclase, but not endothelial nitric oxide synthase, protein levels were increased. Conclusion: These results indicate that the protective effect of dehydroepiandrosterone against hypoxic pulmonary hypertension may involve upregulation of pulmonary artery soluble guanylate cyclase protein expression and augmented pulmonary artery vasodilator responsiveness to nitric oxide.
Introduction
Chronic generalized alveolar hypoxia, such as that occurs in chronic obstructive lung disease (COPD) and chronic mountain sickness, results in sustained pulmonary hypertension that can lead to right ventricular failure and death [1] . The pathogenesis of hypoxic pulmonary hypertension comprises sustained abnormal vasoconstriction and structural remodeling of pulmonary arteries [2, 3] . Although long-term oxygen therapy benefits some patients with hypoxemic COPD, no simple, safe, and effective treatment of hypoxic pulmonary hypertension has been established, and new therapeutic strategies need to be identified [1, 4] .
Dehydroepiandrosterone (DHEA) is a C-19 steroid that is synthesized mainly by the human adrenal cortex. DHEA and its sulfated ester, DHEA sulfate (DHEAS), are produced in higher levels than any other circulating steroid hormone. Most circulating DHEA is in the form of DHEAS, which functions as an inactive reservoir for DHEA. Epidemiological observations and animal experiments indicate that DHEA has a wide variety of beneficial biological and physiological effects, including the prevention of cardiovascular disease [5, 6] . However, the mechanisms responsible for the cardiovascular protective effects of DHEA are largely unknown.
Farrukh et al. [7] and Gupte et al. [8] have shown in vitro that DHEA is a pulmonary vasodilator and inhibits acute hypoxic pulmonary vasoconstriction due at least partly to opening of potassium channels. More recently, Hampl et al. [9] and Bonnet et al. [10] report that chronic treatment with DHEAS or DHEA inhibits and reverses hypoxia-induced pulmonary hypertension in rats, and Bonnet et al. show that the DHEA treatment is associated with increased expression and function of pulmonary artery Ca 2+ activated K + channels. In addition, several studies in the systemic circulation indicate that DHEA enhances vascular endothelial function [11] [12] [13] [14] . Because endothelial dysfunction is considered to play an important role in the pathogenesis of hypoxic pulmonary hypertension [15, 16] , we investigated if the protective effect of chronic DHEA treatment against hypoxic pulmonary hypertension in rats involved enhancement of pulmonary artery endothelial function. Our initial results showed that DHEA blocked hypoxic pulmonary hypertension and enhanced isolated pulmonary artery vasodilator responsiveness to both acetylcholine (ACH) (endotheliumdependent) and sodium nitroprusside (SNP) (endotheliumindependent), and we further investigated the mechanisms downstream of nitric oxide (NO) that were responsible for the enhanced vasodilator responsiveness.
Methods
All experiments were approved by the institutional animal care and use committee. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.
Experimental groups

Prevention study
Adult male Sprague-Dawley rats were randomly divided into five groups. Three groups were exposed to simulated high altitude (5400 m, inspired O 2 tension ∼ 76 mmHg) for 3 wks (HA rats) in a hypobaric chamber flushed continuously with room air to prevent accumulation of CO 2 , NH 3 , and H 2 O. Hypobaric exposure was 24 h/day, except when the chamber was opened for 10-15 min every 2 days to remove rats or clean cages and replenish food and water. All rats were exposed to a 12:12-h light-dark cycle and allowed free access to rat food and water. One day before hypoxic exposure, two groups of HA rats were started on either a high (1%; HAD1) or a low (0.3%; HAD0.3) concentration of DHEA (Sigma) containing food that was given throughout the study. One HA group received normal rat food (HAC). The other two groups of rats were kept at Denver's low altitude (LA; 1,600 m, inspired O 2 tension ∼ 120 mmHg) and received either normal rat food (LAC) or food containing1% DHEA (LAD1).
Reversal study
Two groups of rats were exposed to 6 wks of HA. One group received normal rat food for 6 wks (CON), and the other group received normal food for the first 3 wks and then food containing 1% DHEA for the next 3 wks (DHEA).
Conscious catheterized rats
After 3-wk exposure to normoxia or hypoxia, or 6-wk exposure to hypoxia, rats were anesthetized with ketamine (100 mg/kg, im) and xylazine (15 mg/kg, im) for placement of 3 catheters in the right jugular vein and pulmonary (via jugular vein and right ventricle) and right carotid arteries [17] . Blood samples (0.1 ml) were taken for measurement of hematocrit. The rats were allowed to recover for 48 h in room air at Denver's altitude under the same dietary treatment as before catheterization. After recovery, conscious rats were placed in a ventilated plastic box (room air), and mean pulmonary (MPAP) and systemic arterial pressures (MSAP) were measured with pressure transducers. Cardiac output (CO) was determined by a standard dye-dilution method, and cardiac index (CI) and stroke volume (SV) were calculated as dividing cardiac output by the rat's body weight and heart rate, respectively. Total pulmonary (TPRI) and systemic (TSRI) resistance indexes were calculated by dividing MPAP and MSAP by CI. All hemodynamic measurements were performed in the morning and values were taken after pressures and heart rate were stabilized (within 15 min). Blood samples were then collected for measurement of plasma steroid levels by enzyme immunoassay kits (Diagnostic Systems Laboratories). The heart was removed for assessment of right heart hypertrophy [right ventricle (RV)/left ventricle plus septum (LV + S) wet weight ratio], and the lungs were prepared for morphometric analysis.
Isolated pulmonary artery rings
In a separate series of experiments, vessel rings of the first left branch of the extralobar and intralobar 4th-5th branch pulmonary arteries were prepared from LAC, LAD1, HAC, and HAD1 rats as previously described [17, 25] . Briefly, after anesthesia (pentobarbital sodium, 30 mg ip) and heparinization (100 IU), the heart and lungs were removed en bloc and the pulmonary artery rings were carefully isolated so as to cause minimal damage to the endothelium [the rest of pulmonary arteries and lungs were snap frozen in liquid N 2 and stored at − 80°C for subsequent Western blot analysis and measurements of soluble guanylate cyclase (sGC) activity and endothelin-1 (ET-1) levels]. Pulmonary artery rings were then placed on steel wires attached to a force displacement transducer for measurement of changes in the isometric force, and suspended in baths containing 10 ml physiological salt solution (Earle's balanced salt solution, Sigma) gassed with 21% O 2 -5% CO 2 -74% N 2 at 37°C. Resting passive force was adjusted to a previously determined optimal tension (750 and 1500 mg for extralobar pulmonary arteries from LA and HA rats, and 400 and 800 mg for intralobar pulmonary arteries from LA and HA rats, respectively) [17, 25] . After 60-min equilibration, all rings were depolarized with 80 mM KCl for 30 min. Following washout of KCl, relaxant responses to ACH (10 − 9 -10 − 4 M), SNP (10 − 10 -10 − 5 M), and 8-bromo-cGMP (8-BrcGMP; 10 − 6 -10 − 4 M) were assessed in separate phenylephrine (0.5 μM)-contracted pulmonary artery rings. Percent relaxation was expressed as relaxation (g)/0.5 μM phenylephrine-induced contraction (g) × 100.
Morphological analysis
Histological changes of pulmonary artery were quantified by morphometry (barium-gelatin method) as previously described [18] . In each tissue section at least 30 consecutive barium-filled arteries were analyzed at × 400. %Wall thickness (WT) was expressed as medial thickness / external diameter × 100 (%).
Western blot analysis
Western blots were performed as previously described [19] with 30 μg of protein from pulmonary artery with appropriate antibodies to endothelial nitric oxide synthase (eNOS) (Transduction Laboratories), or α or β1 subunit of soluble guanylate cyclase (sGC α and β1) (Cayman Chemicals).
Lung ET-1 levels
Lung tissue ET-1 peptide levels were measured in 50 mg of tissue using an ET-1 peptide ELISA kit (Cayman Chemicals) [20] .
Pulmonary artery sGC enzyme activity
Pulmonary artery extracts (30 μg protein) were incubated at 37°C for 10 min in a reaction mixture containing 50 mM Tris-HCl, pH 7.5, 4 mM Mg Cl 2 , 0.5 mM 1-methyl-3-isobutyl-xanthine, 1 mM GTP, and 1 mM SNP. The reaction was stopped by addition of 0.9 ml HCl (0.05 N) and boiling for 3 min. Newly synthesized cGMP was measured in the reaction mixture using an ELISA kit (R&D Systems) [21, 22] .
Statistical analysis
Values are expressed as means ± SEM. Comparisons between groups were made with Student's t-test, analysis of variance (ANOVA) with Scheffé's post-hoc test for multiple comparisons, or repeated measure ANOVA. Differences were considered significant at p b 0.05.
Results
Body weight gain in HAC rats was less than that in LAC rats (Table 1) . Treatment with DHEA caused loss of body weight in both LA and HA rats, which is consistent with previous reports [23, 24] . Food consumption was not different between DHEA-treated and -untreated groups (∼ 18 to 22 g/day/rat, which can be translated that rats received approximately 60 and 200 mg/day DHEA by 0.3 and 1% DHEA treatments, respectively). DHEA treatment had no effect on the hypoxia-induced polycythemia (Table 1) .
In LA rats, 3-wk treatment with DHEA (1%) increased the plasma levels of DHEA, DHEAS, and estradiol but not that of testosterone (Table 2 ). In HA rats, the high dose DHEA (1%) increased plasma levels of all four steroid hormones, while the low dose DHEA (0.3%) increased only the level of DHEA.
Results of hemodynamic and heart weight measurements are summarized in Fig. 1 and Table 3 . Chronic treatment with DHEA did not have significant hemodynamic effects in LA rats, except it decreased CO [although when corrected by body weight (CI), there was no significant reduction]. Chronic exposure to hypoxia markedly increased MPAP and slightly decreased CI with no change in MSAP. Calculated TPRI was markedly, and TSRI slightly, increased in HAC rats. DHEA caused a dose-dependent and marked inhibition Values are means ± SE of n = 7 for 0% DHEA-treated (0% DHEA) and 6 for 1% DHEA-treated (1% DHEA) groups, except for CI which was measured in 5 (0% DHEA) and 3 rats (1% DHEA); ⁎ P b 0.05 vs. 0% DHEA.
of the increases in MPAP and TPRI but had no effects on MSAP, TSRI, or CI (DHEA caused decreases in CO which were accompanied by losses of body weight) in HA rats. Right ventricular hypertrophy as assessed by RV / LV + S was dose-dependently inhibited by DHEA (Fig. 1F) . The high dose DHEA (1%) treatment normalized the hypoxic increases in MPAP and RV / LV + S.
Chronic hypoxia increased the percent medial wall thickness of small pulmonary arteries, which was dosedependently and markedly inhibited by 3-wk treatment with DHEA (Fig. 2) .
To determine if DHEA would reverse, as well as prevent, hypoxic pulmonary hypertension, we performed a reversal study. Three weeks of DHEA (1%) treatment begun after pulmonary hypertension had been established by a preceding 3 wks of exposure to hypoxia effectively reversed the increases in MPAP, RV / LV + S ratio, and %WT, but did not alter MSAP or CI as compared to the untreated (0% DHEA) hypoxic (6 wks) control group (Fig. 3) . DHEA treatment also caused body weight loss in this group similar to that observed in the prevention study group (data not shown).
To test if the DHEA-induced inhibition of hypoxic pulmonary hypertension was associated with enhancement of pulmonary artery endothelial function, we evaluated effects of chronic DHEA (1%) treatment on the NO-cGMP pathway activity pharmacologically using isolated pulmonary artery rings (Fig. 4) . In both extralobar and intralobar pulmonary artery rings from LA rats, LAD rings showed enhanced relaxant responses to both ACH (endotheliumdependent) and SNP (endothelium-independent), but not to 8-Br-cGMP (sGC-independent). Consistent with previous reports, chronic hypoxia impaired pulmonary artery responses to ACH and SNP in extralobar pulmonary artery rings [17, 25] , but did not impair those responses in intralobar arteries [25] . Chronic DHEA treatment improved the impaired responses of extralobar pulmonary arteries to near normal levels, and enhanced the responses of intralobar pulmonary arteries. DHEA treatment did not augment the response of HA pulmonary artery rings to 8-Br-cGMP.
Since the above results unexpectedly indicated that DHEA treatment augmented pulmonary artery responsiveness to the NO-mediated vasodilators ACH and SNP (which depend on sGC), but not to 8-Br-cGMP (which acts downstream of sGC), we investigated effects of DHEA on sGC expression and activity. In pulmonary artery tissues from LA rats, DHEA (1%) increased sGC β1 and tended to increase sGC α protein expression, but had no effect on eNOS level (Fig. 5) . Chronic hypoxia increased eNOS, did not alter sGCα, and decreased sGC β1 expression. DHEA treatment of hypoxic rats markedly increased both sGC α and β1 protein expression, and eliminated the hypoxiainduced upregulation of eNOS protein in two out of three rats. DHEA treatment markedly and slightly increased sGC activity (SNP-stimulated cGMP production) in pulmonary arteries from LA and HA rats, respectively (Fig. 6) .
Lung tissue ET-1 peptide levels were increased after exposure to chronic hypoxia, and DHEA treatment had no effect on the levels in either LA or HA rats (Table 4) .
Discussion
This study showed that dietary treatment of rats exposed to chronic hypobaric hypoxia with 0.3 and 1% DHEA caused a dose-dependent inhibition of the development of pulmonary hypertension without causing systemic hypotension. Long-term treatment with 1% DHEA essentially normalized the chronic hypoxia-induced pulmonary hypertension RV hypertrophy, and pulmonary artery medial thickening with no effects on SAP. These impressive effects of DHEA treatment were associated with improved vasodilator responsiveness to ACH and SNP and with upregulation of sGC protein expression and activity in isolated pulmonary arteries. Chronic DHEA treatment also effectively reversed the severity of established hypoxic pulmonary hypertension. These results, which confirm and extend earlier reports [9, 10] , suggest that dietary DHEA is highly effective in preventing and reversing hypoxic pulmonary hypertension, which is due at least partly to enhancing the pulmonary artery cGMP signaling activity through increasing sGC expression and activity. Numerous studies support an important role for impaired endothelium-derived NO activity in the pathogenesis of hypoxic pulmonary hypertension [15, 16] . The beneficial effects of NO are mediated largely by production of cGMP via activation of sGC and subsequent stimulation of cGMP-dependent kinase (cGK). Although loss of NO itself may not cause severe pulmonary hypertension, dysfunction of this pathway facilitates sustained pulmonary vasoconstriction and pulmonary artery remodeling associated with development and progression of severe pulmonary hypertension [16, 26] . Conversely, enhancement of this pathway is protective against pulmonary hypertension. DHEA has been shown to increase the production of NO and cGMP and to improve systemic vascular endothelial function either directly [11, 14] or through conversion to estrogen [12] . We found in this study that chronic treatment of LA (normal) rats with DHEA augmented relaxation responses to ACH and SNP but not to 8-Br-cGMP in pulmonary artery rings. Exposure to chronic hypoxia impaired the responses to ACH and SNP in extralobar but not intralobar pulmonary artery rings. Concomitant DHEA treatment nearly normalized and enhanced these relaxation responses in extralobar and intralobar pulmonary artery rings, respectively. These findings suggested the possibility that DHEA augmented the pulmonary artery smooth muscle cell responsiveness to NO by altering expression and/or activity of a certain factor or factors downstream of NO production and upstream of cGK, rather than that DHEA enhanced pulmonary artery endothelial function. To further investigate this possibility, we measured eNOS and sGC protein expression, and found that sGC α and β1, but not eNOS, were upregulated by DHEA in the pulmonary artery tissue from LA (where there was only a trend for increased sGC α) and HA rats. We also found that the stimulated enzyme activity was enhanced by DHEA treatment in pulmonary artery tissues from both LA and HA rats. Although our results showed that both sGC expression and activity were increased in the pulmonary artery tissue from both LAD and HAD rats, there was a discrepancy between the levels of expression and activity in LAD vs. HAD rats; i.e., whereas sGC protein expression was higher in pulmonary artery from HAD rats (Fig. 5) , SNP-stimulated activity was greater in pulmonary artery from LAD rats (Fig. 6) . We have no clear explanation for this discrepancy. Regardless, taken together, these results indicated that chronic DHEA treatment enhanced pulmonary artery responsiveness to NO by upregulating sGC protein expression and activity.
Our findings that DHEA treatment had no effect on eNOS expression in LA pulmonary artery and reduced the increased expression in HA pulmonary arteries differ from those of previous studies in systemic vessels in which DHEA has increased eNOS activity/expression [11, 12] . It is not clear whether this difference simply reflects the difference between the systemic and pulmonary circulations. However, the downregulation of eNOS expression in DHEA-treated HA pulmonary artery might have been due to the normalized pulmonary arterial pressure, because there is evidence that hemodynamic factors such as increased shear force, rather than hypoxia per se, may cause the upregulation of pulmonary artery eNOS in this model [27] [28] [29] , although controversy exists [19] .
There are essentially two ways to augment the pulmonary vascular NO-cGMP-cGK pathway activity. One is to increase NO itself, such as by inhaled NO [29] , NO synthase gene transfer [30] , or L-arginine supplementation [31] . The other is to increase cGMP levels by controlling downstream modulator/effector activity, such as by inhibiting phosphodiesterase type 5 (PDE5) or activating sGC. Because increased NO may have adverse effects (as a free radical), and its effects are tightly regulated by downstream effector/ modulator activity, inhibition of PDE5 and activation of sGC might be safer and more efficient than increasing NO itself. In fact, PDE5 inhibition by sildenafil appears promising for the clinical treatment of pulmonary hypertension [32] , and recent studies indicate that pharmacological activation of sGC may also be an effective therapeutic intervention in pulmonary hypertension [33, 34] .
Several human and animal studies have shown that DHEA has cardiovascular protective effects [35, 36] . Although mechanisms responsible for the cardiovascular protective effects of DHEA are not fully understood, it seems that multiple actions are involved; these include enhancement of vascular endothelial function [11] [12] [13] [14] , inhibition of vascular smooth muscle cell proliferation [37] , prevention of platelet aggregation [38] , suppression of oxidative stress [39] , and conversion of DHEA to estrogen [12] . In addition, we and others have recently shown in vitro that DHEA induces acute pulmonary vasodilation and inhibits acute hypoxic pulmonary vasoconstriction due at least partly to opening of K + channels (both K v and K Ca channels) through decreasing NADPH production and altering tissue redox status [7, 40] . All of these actions could reduce the severity of hypoxic pulmonary hypertension. In fact, in a recent report, Bonnet et al. demonstrated that DHEA prevented and reversed hypoxic pulmonary hypertension and restored the chronic hypoxia-induced impaired K Ca channel function and expression via a redoxdependent pathway [10] . It is thus speculated that DHEA's marked protective effect against hypoxic pulmonary hypertension is multifunctional, including upregulation of sGC and modulation of K + channel function/expression, both of which can potentially inhibit vasoconstriction and vascular remodeling in hypoxic pulmonary hypertension. We [41] [42] [43] [44] and others [45, 46] have recently found that RhoA/Rho kinase-mediated vasoconstriction is an important pathogenic component of pulmonary hypertension in various animal models, and future studies should investigate if DHEA inhibits RhoA/Rho kinase signaling through increased activity of the pulmonary artery NO/sGC pathway [47, 48] and/or other mechanisms, such as inhibition of 3-hydroxy-3-methylglutaryl-CoA reductase [49] .
Some of the beneficial effects of DHEA could be exerted via its conversion to estradiol, which has a protective effect against the development of hypoxic pulmonary hypertension by suppressing erythropoietin expression and ET-1 production [50] [51] [52] . Whereas plasma estradiol levels were elevated in the high dose DHEA-treated rats, no effects related to estradiol (i.e., decreased ET-1 production or suppressed polycythemia) were observed in our study. In addition, while there was no increase in plasma estradiol concentration in the low dose DHEA-treated rats, this dose still reduced the development of pulmonary hypertension. Thus, although this study did not completely rule out the possible involvement of increased conversion of DHEA to estradiol, it is unlikely that estradiol played a major role in preventing the development and causing the reversal of hypoxic pulmonary hypertension by DHEA in this study. Plasma testosterone levels were also elevated in HA rats treated with the high dose of DHEA. However, it is also unlikely that testosterone played a significant role, because male sex hormones have no protective effect against the development of hypoxic pulmonary hypertension [50, 51] .
DHEA treatment caused weight loss of rats in this study, which is consistent with previous reports [23, 24] . While some studies suggest that food restriction is responsible for DHEAinduced body weight loss [53] , others indicate food consumption is not changed by DHEA, and an alteration in fat metabolism causes the loss of body weight [23] . Although severe dietary restriction has been reported to protect against the development of monocrotaline-induced pulmonary hypertension [54] , this mechanism was unlikely in our study since we did not find any difference in food consumption between the DHEA-treated and -untreated rat groups.
A major advantage for DHEA treatment is that this drug has already been approved by the US Food and Drug Administration as a food supplement and is used extensively in human studies without any major side effects [55] . Several clinical trials have provided evidence that even pharmacological doses (up to 2250 mg/day for 12 weeks) of DHEA have no serious adverse effects [55] . However, because DHEA can be metabolized to both androgens and estrogens, there is a possibility that hormone-dependent cancer (such as breast cancer in women and prostate cancer in men) may be promoted in long-term DHEA treatments. Thus, future studies should evaluate the effectiveness of DHEA's synthetic analogues, such as 16 alpha-fluoro-5-androsten-17-one, which do not have any sex steroid activity but retain the anti-proliferative and cancer preventive activity of DHEA [56] .
There are limitations of this study. First, our data do not directly determine how much the observed upregulation of sGC expression and activity contributed to the protective effect of DHEA against hypoxic pulmonary hypertension. Second, since pulmonary blood flow and resistance were not directly measured, this study cannot exclude the possibility that the decreased CO and SV in DHEA-treated HA rats (Table 3 ) may have contributed to the reduction in pulmonary artery pressure even though our data show that CI and SV/body weight were unchanged. Whether the decrease in CO was related directly to the decrease in body weight or to some other effect of the DHEA treatment on cardiac function is unknown and will require further study to address.
In summary, this study demonstrated that DHEA, a naturally occurring steroid hormone, dose-dependently and completely blocked the development of hypoxic pulmonary hypertension, which was accompanied by upregulation of sGC protein expression and activity and improved pulmonary artery vasodilator responsiveness to NO. It also showed that DHEA treatment effectively reversed established hypoxic pulmonary hypertension. Based on results of this and previous studies [9, 10] , we propose that DHEA may be effective in preventing and reversing hypoxic and possibly other forms of pulmonary hypertension via multiple important actions, including upregulation of sGC and improving K + channel activity/expression.
